The human body is covered with bacteria that are required for health and wellbeing. Additionally, there are pathogenic bacteria that are unwanted. It is therefore important to understand how personal care ingredients interact with these bacteria. To help understand these interactions, a high-throughput assay was developed to study the effect of personal care ingredients on attachment. Seventeen personal care ingredients were assayed singly and in simple alcohol based formulations. Three of the ingredients decreased the attachment of both bacteria tested by 90% singly and in formulation. Personal care ingredients singly and in simple formulations can prevent the attachment of bacteria. Further research is needed to better understand how personal care ingredients affect bacterial attachment and how these effects can be used to create new hygiene products for consumers.
Introduction
The skin contains its own microflora of bacteria, viruses, and fungi. The resident microbes adapted to the skin constitute one of the many defenses humans have against pathogenic microbes [1, 2] . These resident microbes vary between body sites with oily (face), moist (axilla), foot, and dry (palmar) sites having their own distinct microbiota [3] . Numerous activities have been reported to affect the bacteria that live on the skin including bathing/showering, and the use of soap and emollients [4] . However, non-discriminate removal of the resident skin microorganisms by surface active agents or annihilation using topical antimicrobials can destroy this beneficial ecology leaving room for transient pathogenic bacteria to be picked up [2] . These pathogenic bacteria can then cause disease or be spread to others. Preventing the attachment of pathogenic bacteria would provide considerable benefits to consumers by helping them maintain skin health and cleanliness. The effect of personal care ingredients on the attachment of bacteria has yet to be explored. The ability to selectively avoid pathogens with cosmetic formulations would provide an overall cleaning benefit, particularly for products such as hand sanitizers. A need exists to use a gentle nontoxic approach to prevent pathogenic bacteria from attaching to and thereby colonizing the skin.
Bacterial attachment begins with a non-specific, reversible attachment stage [5] . Non-specific attachment interactions include hydrophobic interactions, surface charge, loss of interfacial water, positioning of the bacteria to maximize contact with a surface, and topography of the cellular or abiotic surface [6] . The initial non-specific interactions that drive attachment of bacteria are the same for abiotic (polystyrene) and biotic (human skin) surfaces [7] . Considerable effort has been made in the areas of medical implants, biosensors, and marine coatings to identify ways to prevent the attachment of unwanted microorganisms. This research has yielded several chemical classes that have been successfully used to modify surfaces to prevent the attachment of bacteria including hydrophilic polymers, polyethylene glycol, zwitterionic compounds, and hydrophobic polymers [8] . These chemical classes can also be found the personal care realm. To determine if personal care ingredients could provide the same benefit of preventing bacteria from attaching to a surface, we screened select hydrophilic polymers, amphiphilic polymers, and silicone derivatives for their ability to prevent the attachment of bacteria [9, 10] . A high throughput method was developed to quickly screen personal care ingredients and formulations for their effect on the initial non-specific attachment of bacteria to a polystyrene surface. Hand sanitizer formulations were chosen for this study due to their importance in providing a hygiene benefit to consumers. The purpose of this study was to determine the effect of select personal care ingredients and hand sanitizer formulations on the attachment of bacteria to a surface without regard to the antimicrobial effect of preservatives.
Materials and Methods

Selection of Personal Care Ingredients
Commonly used hydrophilic, amphiphilic, and silicone derivatives that are used as film-formers, rheology modifiers, and aesthetic modifiers in the personal care industry were selected for this study. The concentrations tested were based on vendor recommendations and commonly used ranges in personal care products.
Single Ingredient Preparation
All ingredients were prepared in 5% (v/v) glycerin (Vitusa Products, Berkeley Heights, NJ, USA)/water to the concentrations listed in Supplementary Materials, Table S1. All pH adjustments were performed using sodium hydroxide (Mallinckrodt, Phillipsburg, NJ, USA) or malic acid (Tate and Lyle, London, UK) for formulations containing methyl hydroxyethylcellulose to ensure neutralization (Supplementary Materials, Table S1 ). All ingredients were stored at 4 • C for up to 72 h prior to performing experiments.
Simplified Alcohol Based Formulations
All ingredients were added to a solution consisting of 60% (w/w) ethanol (Grain Processing, Muscatine, IA, USA) and 5% (w/w) glycerin (Vitusa Products, Berkeley Heights, NJ, USA). The remaining balance of each composition contained water to a total of 100% w/w. All pH adjustments were performed as described above. All formulations were stored at 4 • C for up to 72 h prior to performing experiments.
Determining Attachment of Bacteria to a Surface Using Plate Counts
A modification of the high-throughput Minimum Biofilm Elimination Concentration (MBEC TM ) assay described by Ceri et al.
(1999) was developed to test bacterial attachment [11] . The high-throughput assay, which uses Minimum Biofilm Elimination Concentration (MBEC TM ) plates (Innovotech, Edmonton, AB, Canada), was performed at Innovotech, Edmonton, AB, Canada.
Using a positive displacement micropipette, 200 µL of each ingredient to be tested was added to the wells of a 96-well untreated flat bottom microtiter plate (Corning Falcon ® , New York, NY, USA). An additional 200 µL of each ingredient was added to a single well as a sterility control. Untreated polystyrene pegs were included as attachment controls. An MBEC TM lid was placed into the 96-well plate containing the test solutions. Each MBEC TM lid has 96 identical pegs, each with an average surface area of 108.9 mm 2 . The solutions and the polystyrene pegs were allowed to interact for 2 h at room temperature without shaking. The MBEC TM lid was then removed from the 96-well plate and dried overnight.
Bacteria (Escherichia coli ATCC 11229 and Staphylococcus aureus ATCC 6538) were grown overnight in tryptic soy broth (TSB, Becton, Dickinson and Company, Cockeysville, MD, USA) at 37 • C with shaking, then subcultured under the same conditions for 16 to 18 h. Bacteria were pelleted, washed once, and resuspended in PBS (Thermo Scientific TM Remel TM , Waltham, MA, USA). One hundred microliters of the appropriate bacteria were added to each well of a 96-well plate, excluding the sterility controls. The dried MBEC TM plate lid was placed into the 96-well plate containing the bacteria for 15 min at room temperature without shaking. After the MBEC TM plate lid was removed, loosely attached bacteria were removed by adding 200 µL of a wash solution (1% Tween-80 (Sigma-Aldrich, St. Louis, MO, USA)/phosphate buffered saline (PBS)) to each well of three separate 96-well plates. The inoculated MBEC plate lid was placed into the first wash plate for 15 s, then removed. This was repeated twice more using a new wash plate each time (Supplementary Materials, Figure S1 ).
After the wash steps, the remaining attached bacteria were harvested by placing the inoculated MBEC TM lid into a 96-well microtiter plate containing 200 µL PBS in each well. The plate was sonicated using a 1 min on, 1 min off cycle for a total of 5 min. An aliquot was removed from each well and bacteria were enumerated by performing 10-fold serial dilutions in PBS and plating on to tryptic soy agar plate (TSA, Becton, Dickinson and Company, Cockeysville, MD, USA). Attachment or nonattachment of bacterial cells was determined by calculating the Log colony forming units (CFU)/mL of bacteria on the pegs in the presence of the ingredients and subtracting the Log CFU/mL of the bacteria on pegs without ingredients. Statistical differences between the bacteria on untreated pegs to bacteria on treated pegs were determined using the student's t-test.
Zone of Inhibition for Antimicrobial Activity
A zone of inhibition assay was performed for all ingredients where a decrease in bacterial attachment to a polystyrene surface was observed. All ingredients were tested at the concentration listed in Supplementary Materials, Table S1 . Bacteria (E. coli and S. aureus) were prepared as described for the surface bacterial attachment assay and diluted in PBS to approximately 10 7 CFU/mL. For each bacterial species, a sterile cotton-tipped swab (Copan, Murrieta, CA, USA) was dipped into the diluted bacteria and used to inoculate a bacterial lawn onto a TSA plate. The open end of a 1000 µL pipette tip (Eppendorf, Hamburg, Germany) was used to remove 5 agar plugs from the inoculated TSA plate, creating 9 mm wells in the agar. Then, 100 µL of each solution to be tested was added to one of the wells. For both bacterial species tested the following controls were used: 100 µL chloramphenicol (Sigma-Aldrich, concentration tested 34 µg/mL, diluted in PBS) was added to a well to demonstrate bacterial clearing and 100 µL of PBS was used a negative control to demonstrate no bacterial clearing. The plates were incubated at 37 • C for 16-18 h and observed to evaluate bacterial clearing.
Results
This study is the first to demonstrate that personal care ingredients affect the attachment of bacteria. A rapid and simple high throughput assay was developed to determine the effect of personal care ingredients on the attachment of bacteria to a surface. Representative Gram-negative (E. coli ATCC 11229) and Gram-positive (S. aureus ATCC 6538) bacteria were used to screen select ingredients used in personal care products. Bacterial growth controls demonstrated that a sufficient number of bacteria could be harvested from untreated polystyrene pegs, with an average of 4.7 ± 0.3 Log CFU/mL of E. coli harvested after inoculation with an average of 9.1 ± 0.2 CFU. Likewise, an average of 5.2 ± 0.1 Log CFU/mL of S. aureus was harvested after inoculation with an average of 8.8 ± 0.1 Log CFU/mL. The assay was able to detect changes in the numbers of attached bacteria compared to the growth controls (Table 1) . A total of 17 single personal care ingredients were assayed to determine their effect on bacterial attachment to a surface (Table 1) . A majority of the ingredients tested significantly (p < 0.05) decreased bacterial attachment to a polystyrene surface, with 15/17 ingredients significantly preventing attachment of E. coli and 13/17 ingredients significantly preventing attachment of S. aureus to the polystyrene surface. A reduction of bacteria by 1 Log represents a total decrease of bacteria by at least 90%, which was achieved by eight ingredients for E. coli and six ingredients for S. aureus. Three ingredients (Benecel TM A4C, Benecel TM E-15, and Natrosol TM 250 LR) decreased the attachment of both bacteria by at least 90%. Not all compounds with the same INCI gave the same result. None of the ingredients tested had antimicrobial activity in the modified zone of inhibition assay.
To test if the decrease in attachment was also observed when the ingredients were used in formulations, simplified alcohol based formulations were developed and screened for their effect on attachment. No significant changes between the single ingredients and simple formulations were observed with regard to E. coli, however some changes were observed for the attachment of S. aureus. Three ingredients (Aculyn TM 22, Pecogel ® GC 310, and Pecogel ® HS-501) demonstrated a larger decrease in attachment of S. aureus to the surface when combined with alcohol (Table 1 ).
Discussion
Personal care ingredients are used daily by people across the globe; however, outside of the antimicrobial effects, no studies have focused on the effects of personal care ingredients on bacterial attachment. This study shows that personal care ingredients and formulations affect the attachment of bacteria. None of the personal care ingredients tested had antimicrobial activity demonstrating that the observed decreases in attachment are a result of bacterial interaction with the ingredient. Importantly, use of personal care ingredients that decrease attachment of bacteria would provide additional benefits to consumers by allowing them to keep their skin clean.
A limitation of this work is that the attachment of bacteria was screened on polystyrene. However, it has some benefits, as it provides quick and efficient method to screen multiple personal care ingredients singly and in combination. Polystyrene has long been used to measure how well bacteria and fungi attach to surfaces [12] [13] [14] [15] . Previous studies have shown that studies on bacteria and fungi with mutations in attachment have also been shown respond to polystyrene and skin surfaces in similar ways [12, 15] .
Bacteria can be prevented from attaching by personal care ingredients and formulations. Escherichia coli was used as surrogate Gram-negative bacteria. Gram-negative bacteria are not usually isolated from human skin and are considered transient organisms that cause disease. Staphylococcus aureus was used a surrogate for Gram-positive bacteria. Gram-positive bacteria can be commensal or pathogenic (e.g., S. aureus) [16] . Preventing the attachment of Gram-negative transient bacteria and Gram-positive pathogens would aid in maintaining skin health.
Three of the personal care ingredients (Benecel TM A4C, Benecel TM E-15, and Natrosol TM 250 LR) by themselves and in alcohol based formulations decreased the attachment of both bacteria tested by 90% or greater (≥1 Log, Table 1 ). All three of the personal care ingredients that prevented bacterial attachment by over 1 Log were hydrophilic cellulosics. Previous work demonstrated that has that methylcellulose prevents bacterial attachment to rice straw [17] . However, not all cellulosics tested had the same activity, for example, Benecel TM K100 LV, while preventing the attachment of E. coli as both a single ingredient and in formulation, did not prevent the attachment of S. aureus (Table 1) .
It is possible the hydrophilic cellulosics are preventing the attachment of bacteria by increasing the hydration layer of the polystyrene surface. Increasing the amount of water creates a physical barrier to attachment, thereby preventing the initial reversible attachment steps that drive bacterial attachment [18] . Numerous other factors including chain hydration, chain flexibility, and the interaction of the ingredient with the polystyrene may also be playing a role. However, determining a mechanism of action for personal care ingredients is difficult do to the proprietary nature of the ingredients.
The ability to prevent bacteria from attaching would be particularly beneficial for formulations that are intended as leave-on compositions, such as hand sanitizers, moisturizers, and lotions. The resident bacteria of the hand are frequently exposed to both leave-on formulations and rinse-off formulations such as soaps. The importance of hands in the transfer of pathogenic bacteria to and from the self and the environment increases the need for leave-on products that provide additional cleanliness benefits. The bacterial community of the hand has been shown to fluctuate due to hygiene practices over short time periods (1-2 weeks) [3, 19] , however over the long term (up to 30 months) the community has been shown to be stable [3] . Further, differences in age, sex, and urban versus rural environment have been observed [20] .
Conclusions
Overall, this study found that hydrophilic cellulosic personal care ingredients decreased the attachment of bacteria to a polystyrene surface. This work has meaningful impacts for the development of leave-on formulations. Leave-on formulations with the ability to prevent the attachment of bacteria can provide consumers with a cleanliness benefit. Further study is needed to identify additional personal care ingredients that affect attachment, determine the effect of personal care ingredients on eukaryotes (yeast) and viruses, possible mechanisms of action, performance of commercial hand sanitizing products, and how these effects can be used to create new product benefits for consumers. Future studies should be performed to study the effects of these ingredients in complex formulations and on the skin.
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